We observe strong collective coupling between an optical cavity and the forbidden spin singlet to triplet optical transition 1 S0 to 3 P1 in an ensemble of 88 Sr. Despite the transition being 1000 times weaker than a typical dipole transition, we observe a well resolved vacuum Rabi splitting. We use the observed vacuum Rabi splitting to make non-destructive measurements of atomic population with the equivalent of projection-noise limited sensitivity and minimal heating (< 0.01 photon recoils/atom). This technique may be used to enhance the performance of optical lattice clocks by generating entangled states and reducing dead time.
Two modes are strongly coupled when the frequency Ω at which they exchange excitations exceeds the rate of interaction with the environment. Strong coupling enables one to generate large amounts of entanglement [1, 2] , achieve efficient quantum memories [3] , cool the motion of atoms [4] and mesoscopic oscillators [5] , and explore collective self-organization and synchronization phenomena such as superradiant lasing [6] [7] [8] [9] and the Dicke phase transition [10, 11] .
In this Letter, we observe strong coupling between an optical cavity and the collective excitation of up to N = 1.25 × 10 5 strontium atoms in a 1D optical lattice. The strong coupling is achieved using the forbidden electronic spin singlet to triplet optical transition 1 S 0 to 3 P 1 in 88 Sr. The excited state 3 P 1 couples to the environment via spontaneous emission at the relatively slow rate of γ = 2π × 7.5 kHz.
Despite operating on a transition with 1000 times smaller squared matrix element than transitions typically used in optical cavity-QED experiments, we observe a highly-resolved splitting of the normal modes of the coupled atom-cavity system, known as a collective vacuum Rabi splitting [12, 13] . This observation demonstrates that despite the relative feebleness of the transition, the tools of cavity-QED can now be applied to a system of extreme interest for quantum metrology [14] . Example technologies include optical lattice clocks [15] [16] [17] and ultra-narrow lasers [6] [7] [8] [9] , along with their associated broad range of potential applications such defining the second [14, 18] , quantum many-body simulations [19] , measuring gravitational potentials [20] and gravity waves [21] , and searches for physics beyond the standard model [22, 23] .
One relevant application of this newly achieved regime is for state-selective, non-destructive counting of strontium atoms. Such counting has been used to generate highly spin-squeezed states [1, 24] that surpass the standard quantum limit on phase estimation [25] [26] [27] . More simply, but quite importantly, non-destructive readout methods [28] can reduce the highly deleterious effects of local oscillator noise aliasing [29, 30] in optical lattice clocks.
FIG. 1. (a) Experimental diagram.
88 Sr atoms are confined by 1D optical lattice in high-finesse cavity. Probe light is coupled through cavity and detected on a single-photon counting module. (b) Relevant level structure of 88 Sr, showing dipole forbidden transitions at 689 nm and 698 nm.
Here, we utilize the observed vacuum Rabi splitting to non-destructively count atoms with the equivalent of sub-projection noise sensitivity. We verify that this sensitivity is achieved with as few as 0.01 photon recoils imparted to each atom, a well defined criteria for nondestructiveness. These proof-of-principle measurements pave the way for the generation of entangled squeezed states on the 1 S 0 to 3 P 0 optical clock transition in Yb and Sr optical lattice clocks [15] [16] [17] .
Cavity-enhanced nonlinear spectroscopy [31] of the same transition has been performed in a MOT in [32] , but inhomogeneous doppler broadening prevented the observation of a collective vacuum Rabi splitting. Nonfluorescence based atom-counting in 87 Sr [28, 29] and 171 Yb [33] have been performed using the dipole-allowed transition 1 S 0 to 1 P 1 and no optical cavity. Atomic pro-jection noise level sensitivity was achieved, but with the scattering of ∼ 100 photons per atom [28, 29] and with uncharacterized scattering [33] . While [28, 29] demonstrated that the atoms were retained in the lattice trap, the need to re-cool the atoms leads to additional stochastic losses [34] . Finally, at values of 0.5 recoils per atom one would be unable to generate entangled states for fundamental enhancements in measurement precision beyond the standard quantum limit.
In our system, the single-atom cooperativity parameter is C = (2g) 2 /κγ = 0.41 (4) , where 2g is the frequency of interaction between a single atom and the cavity mode [35, 36] , and κ = 2π ×160(16) kHz is the cavity power decay rate. Importantly, the interaction frequency between N atoms and the cavity mode Ω = √ N 2g is collectively enhanced. The system is near the single-atom strong coupling regime (i.e. C ≥ 1), but very deep into the desired collective strong coupling regime N C = Ω 2 /κγ = 5×10 4 . In addition to the strong coupling requirement N C 1, a useful system must have a coupling channel by which the experimentalist can extract useful information. The decay of photons from the optical cavity at rate κ provides collective information about the state of the atoms. By contrast, the atomic decay at rate γ is difficult to utilize, leaks single-atom information out of the system, limits the generation of entangled states, and leads to heating of the ensemble. In this Letter, we demonstrate operation in the desired strong-coupling bad-cavity regime with hierarchy Ω κ ≈ 20 × γ. In order to achieve the same favorable ratio of γ to κ in a system with a dipoleallowed transition, one would have to increase the cavity linewidth by a factor of one thousand either by reducing the finesse, which is fundamentally undersirable, or the cavity length, which leads to technical challenges.
A simplified experimental diagram is shown in Fig. 1 . The atoms are loaded from a MOT into a 1D optical lattice with wavelength 813 nm, supported by a TEM 00 mode of the cavity. The peak trap depth is 100(10) µK, and the final atom temperature is 4(1) µK.
Inhomogeneous doppler broadening is highly suppressed along the cavity axis by confining the atoms in the 1D optical lattice to much less than the 689 nm probe wavelength (Lamb-Dicke parameter of 0.16). We estimate that inhomogeneous transition broadening from the magic wavelength lattice is at most 44 kHz rms [37] . Since the inhomogeneous broadening is much less than Ω, its impact on the dressed modes is negligible [38] .
At 689 nm, the cavity has a finesse of F = 2.4(2)×10 4 . The atom-cavity coupling is enhanced by using up to N = 1.25 × 10 5 atoms, such that Ω = √ N 2g = 2π × 6.3 MHz, where g = 2π × 9.2(1) kHz [35, 36] . The quoted N and g are the effective atom numbers and couplings used to account for inhomogeneous coupling of atoms to the standing wave probe mode [26, 27, 39] . transition frequency ω a , loading atoms into the lattice, and then recording the transmitted power as a cavity probe is linearly swept in frequency. The two transmission peaks correspond to the new normal modes of the dressed atom-cavity system at frequencies ω + and ω − . The different traces correspond to different detunings δ c = ω c − ω a , and exhibit the expected avoided-crossing behavior [12] . In Fig. 2b , we confirm the √ N scaling of the size of the normal mode splitting with atom number by measuring the frequency splitting of the two modes at zero detuning, and comparing to the subsequently measured free-space fluorescence signal when 461 nm light is applied from the sides of the cavity.
The fitted widths κ ± of the upper and lower transmission peaks are plotted in Fig. 2b , along with a theoretical prediction based on the known atomic decay rate γ and the measured cavity linewidth κ [12] . This linewidth averaging further confirms the strong coupling between atoms and cavity.
To demonstrate the ability to achieve non-destructive readout on a forbidden transition, we mimic the measurement sequences used elsewhere to achieve 10 to 14 dB of observed spin squeezing on an allowed dipole transition in 87 Rb [1, 24] . We characterize the non-destructiveness of the measurement by the average number of photon recoils per atom m s imparted while achieving a measurement imprecision equal to the projection noise level of the atoms, m QP N s [40, 41] . In our system, the atoms are not in a superposition of states, so there is no atomic projection noise. However, to give a point of comparison, we define the projection noise level as though our N atoms were actually 2N atoms, each in a superposition of the ground state and the excited 3 P 0 clock state, represented in Fig. 1b . The rms quantum projection noise in the ground state population would then be ∆N P N = N/2. We consider the rms noise ∆N = ∆(N f − N p ) in the difference of two consecutive measurements N p and N f of the population in the ground state 1 S 0 . We define the spin noise reduction as R = (∆N/∆N P N )
2 . Two figures of merit for the measurement are the minimum R attainable, and m
QP N s
. Two consecutive measurements of the vacuum Rabi splitting Ω, with measurement outcomes labeled Ω p and Ω f , are used to infer the populations of the ground state N p and N f [27] . For δ c = 0, the rms fluctuations ∆N P N lead to rms fluctuations in the measured vacuum Rabi splitting ∆Ω P N = g/(2 √ 2) = 2π × 3.24(3) kHz, regardless of atom number N , provided N is sufficiently large [2, 27] . The spin noise reduction can then be written in terms of measured and known quantities as
2 . The vacuum Rabi splitting frequency Ω = ω + − ω − is determined by measuring the transmitted power when probe light is scanned over cavity resonance.
To gain common mode rejection of frequency noise between the cavity and probe laser, we use two frequency components or tones to simultaneously probe the two dressed cavity modes, as shown in Fig. 3a [27, 42] . We create the two probe frequencies ω p± by amplitude modulating a fixed probe laser whose center frequency is resonant with the empty cavity. As we ramp the modulation frequency ω m over 1 MHz in 40 ms, the lower and higher frequency AM sidebands ω p± simultaneously sweep across the resonances at ω ± .
When the probe tones are on the side of the resonance feature of the dressed modes, changes in the number of atoms in 1 S 0 cause first order changes in the total transmitted power. In the small noise limit, relative frequency noise between the probe laser and the empty cavity causes no net change in the total transmitted power. To demonstrate the noise suppression of this two-tone technique, Fig. 3b shows the measured power spectral density of cavity-probe frequency noise, using a single sideband to probe the bare cavity resonance versus using the two tones ω p± simultaneously.
To demonstrate the probing method with atoms, we perform sweeps as described above and fit the total transmitted power to a Lorentzian. We then extract the portion of the time data that corresponds to probing on side of resonance, defined as the portion between .5 and .75 ×κ/2. To convert changes in transmitted power into changes in frequency, we fit a linear slope S of transmitted power versus the known probe frequency. The time data is broken into bins of length τ , and the average transmitted power, P i is computed within each time bin i. Differences are taken between adjacent bins, and the desired standard deviation ∆Ω = ∆P/S = ∆(P i+1 − P i )/S is computed over non-overlapping pairs of bins.
FIG. 3. (a)
To probe the Vacuum Rabi Splitting, two probe tones at ωp± are simultaneously swept across the two normal mode resonances at ω± while total transmitted power is recorded. (b) The noise power spectra for cavity probe with a single tone (red trace) and two tones (black trace), demonstrate noise cancellation of two-tone probing. Figure 4a shows the spin noise reduction R as a function of the chosen window length τ at N = 9 × 10 4 . Similar results were obtained for atom numbers between N = 1.5 × 10 4 and 1.25 × 10 5 . At a given atom number, the incident probe power is held fixed at a value that does not saturate the detector or the atomic ensemble. Therefore, increasing τ is equivalent to collecting more probe photons to average down photon shot noise. At large τ , R rises due to uncanceled low frequency probe noise. For window lengths between 50 and 175 µs, corresponding to detected photon numbers of 750 and 2650 per window, we are able to measure spin noise reductions R < 1. The lowest value measured is R = 0.58 (13) , with no corrections applied for noise in the second measurement window.
The goal of being in the bad-cavity, strongly-coupled regime is to achieve a high ratio of detected photons to free-space scattered photons, which lead to atomic state collapse, heating, and potentially atom loss. We characterize these effects by measuring how passing photons through the cavity leads to changes in Ω, as shown in Fig. 4b . Changes in Ω allow us to infer changes in the product g √ N . These changes could either be due to atom loss or heating in directions perpendicular to the cavity axis. We make our observations at much higher transmitted probe photon numbers M t than those used for observing R < 1 by inserting a third "scattering sweep" between two probe sweeps used to measure a change in Ω. From the fit to the change in Ω vs M t , we extrapolate to the typical number of transmitted photons M t ≈ 5000 in a single window that achieves R ≤ 1. At N = 5 × 10 4 atoms, we find 0.01 photons scattered per atom/measurement window. This corresponds to a temperature increase for two windows of 8 nK, or in the context of generating entanglement, a loss of atomic coherence of only 1% or 0.09 dB of signal loss due to the first window.
We theoretically expect one free-space scattered photon per 11(1) photons transmitted from a single end of the cavity, a value set simply by the ratio κ/2γ. The resulting change in Ω predicted from this scattering is shown as a dashed line in Fig. 4b , and is consistent within the error of the fit to the data. Because we operate with κ γ there is little fundamental loss for generating atomic squeezing or for nondestructive readout from probing with δ c = 0, and applying the noise-immune two-tone technique. This would not be true for the current cavity geometry and finesse on a fully allowed dipole transition as the magnitudes of the atomic damping and cavity damping would be reversed κ γ. For certain applications, including spin squeezing, another relevant metric for the non-destructiveness of a measurement is the degree to which it imparts inhomogeneous AC Stark or light shifts of the ground state 1 S 0 . While we cannot measure this directly, we can estimate it by considering the AC Stark shifts associated with the two probe tones. For typical probing parameters, the time integrated phase shift contributed by a single probe tone during a measurement window would be of order π radians for maximally coupled atoms. With our twotone probing scheme, the phase shifts cancel due to their opposite detunings from the excited state 3 P 1 [2] . If we assume a power balance at the 10% level, we could expect a phase shift of order 0.1 radians for maximally coupled atoms, such that the loss of atomic contrast would be < 0.5% or 0.04 dB loss of signal. This cancellation would potentially eliminate the need for a spin-echo sequence to maintain contrast in an experimental sequence. Cavityoptomechanical effects that can limit the observed spin noise reduction would be partially canceled as well [1] .
From m
QP N s
, we can estimate the fundamental limit of our probing scheme to surpass the standard quantum limit on phase estimation [2] . If technical sources of noise were addressed, one could achieve 22 dB of spin squeezing at 2 × 10 5 total atoms. This fundamental limit on spectroscopic enhancement could reach 30 dB by improving the net effective quantum efficiency for detecting the probe light from the current 3.5% to a conservative value of 25%.
In conclusion, we have achieved strong collective coupling between a cavity mode and an ensemble of atoms on a dipole-forbidden transition. This may enable future advances in quantum metrology, in non-linear photon interactions [43] [44] [45] , and in the generation of entanglement for advancing optical lattice clocks [15] [16] [17] . Further, by strongly coupling a narrow transition to a more highly damped optical cavity (κ γ), the rate at which information can be extracted is greatly increased. This may open the door to clock or qubit readout in systems for which strong dipole-allowed transitions do not exist at accessible wavelengths [46] .
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